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Abstract The ongoing COVID-19 pandemic has caused significant morbidity and mortality world-
wide, as well as profound effects on society. COVID-19 patients have an increased risk of
thromboembolic (TE) complications, which develop despite pharmacological thrombopro-
phylaxis. The mechanism behind COVID-19-associated coagulopathy remains unclear.
Mannose-binding lectin (MBL), a pattern recognition molecule that initiates the lectin
pathway of complement activation, has been suggested as a potential amplifier of blood
coagulation during thromboinflammation. Here we describe data from a cohort of critically
ill COVID-19 patients (n = 65) treated at a tertiary hospital center intensive care unit (ICU). A
subset of patients had strongly elevated MBL plasma levels, and activity upon ICU admission,
and patients who developed symptomatic TE (14%) had significantly higher MBL levels than
patients without TE. MBL was strongly correlated to plasma D-dimer levels, a marker of
COVID-19 coagulopathy, but showed no relationship to degree of inflammation or other
organ dysfunction. In conclusion, we have identified complement activation through the
MBL pathway as a novel amplification mechanism that contributes to pathological
complement system  thrombosisin critically ill COVID-19 patients. Pharmacological targeting of the MBL pathway
mannose-binding could be a novel treatment option for thrombosis in COVID-19. Laboratory testing of MBL
lectin levels could be of value for identifying COVID-19 patients at risk for TE events.
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The COVID-19 pandemic has spread rapidly around the world
and caused significant morbidity and mortality, as well as
profound economic and political impact on society. Thrombosis
has emerged as a major COVID-19 complication despite routine
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thromboprophylaxis now being standard of care." COVID-19-
associated coagulopathy is characterized by strongly elevated
plasma D-dimer levels and a hypercoagulable thromboelastog-
raphy profile but normal or slightly elevated platelet counts.
While the mechanisms behind the prothrombotic state in
COVID-19 remain unclear, elevated markers of coagulation
activation indicate a poor prognosis.> The complement system,
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a plasma-based branch of the innate immune system, has been
suggested to be involved in COVID-19 pathogenesis by exacer-
bating systemic inflammation and tissue damage and by
amplifying the prothrombotic state.* Specifically, mannose-
binding lectin (MBL), a pattern recognition molecule that
initiates the lectin pathway of complement activation, binds
to coronaviruses® and has been proposed to participate in the
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To clarify the role of MBL in COVID-19 we measured plasma
MBL levels and activity in a cohort of critically ill COVID-19
patients and investigated its relation to clinical outcome. A
prospective single-center observational study was performed
at the intensive care unit (ICU) of a tertiary hospital in Uppsala,
Sweden (ClinicalTrials ID: NCT04316884). The study was
approved by the Swedish National Ethical Review Agency

host defense during COVID-19 infection.® (EPM; No. 2020-01623). Informed consent was obtained
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Fig. 1 Elevated mannose-binding lectin (MBL) levels and activity in critically ill COVID-19 patients are associated with thromboembolic events.
(A) COVID-19 patients have elevated plasma MBL levels compared with healthy controls (625 kU/L [303-1,112] in the patient group [n = 65] vs.
444 kU/L [288-611] in controls [healthy blood donors, n =72], p=0.018). MBL was measured by an in-house sandwich enzyme-linked
immunosorbent assay (ELISA) using a mouse monoclonal anti-MBL antibody (clone 3E7, Hycult Biotech) as capture antibody. The same antibody
was biotinylated and used for detection together with streptavidin-horseradish peroxidase (HRP). (B) Elevated MBL pathway activity in COVID-19
patients measured as MBL binding activity (153% [53-223]), and MBL-dependent C3 deposition (157% [42-296]). MBL pathway activity was
measured by a functional ELISA using mannan as MBL ligand. Microtiter plates were coated with 5 pg/mL mannan overnight and then incubated
with plasma samples diluted in veronal-buffered saline at 37°C for 30 minutes. After washing, bound MBL and deposited C3 were detected by
antibodies from R&D Systems (AF2307) and Complement Technology (A213), respectively, and HRP-conjugated secondary antibodies. Results
are expressed as percentage of the activity of pooled normal human serum (NHS). The MBL activity assay showed a very good correlation with the
MBL antigen assay (Spearman’s r=0.94, p <0.0001). (C-E) COVID-19 patients who develop thromboembolic complications have elevated
plasma MBL levels and activity. Of the nine patients who developed thrombosis seven had pulmonary embolism (indicated by black dots) and
two arterial thromboses (indicated by circles). (C) MBL plasma levels (1,233 kU/L [721-1,623] in the thrombosis group vs. 470 kU/L [256-1,037]
in patients with no thrombosis, p =0.0054); (D) MBL activity (221% [164-275] in the thrombosis group vs. 126% [45-215] in patients with no
thrombosis, p=0.011); (E) C3 deposition (216% [144-496] in the thrombosis group vs. 129% [10-243] in patients with no thrombosis,

p =0.028). Results are expressed as medians and interquartile ranges (IQRs). p-Values were calculated using the Mann-Whitney U test.
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from the patient, or next of kin if the patient was unable give
consent. The Declaration of Helsinki and its subsequent revi-
sions were followed. All patients> 18 years of age with
confirmed or suspected COVID-19 admitted to the ICU be-
tween March 13 and April 30, 2020, were screened for inclu-
sion. Informed consents were given by 70 out of 71 screened
patients. Two patients were excluded due to negative poly-
merase chain reaction for severe acute respiratory syndrome
coronavirus 2. For two patients no initial blood sample was
available. One patient was transferred from the ICU at another
hospital and thus excluded. The remaining 65 patients were
enrolled in the study.

Blood was sampled in ethylenediaminetetraacetic acid
tubes, and plasma stored at -70°C until analysis. Plasma MBL
levels at day 1 at the ICU (on average COVID-19 day 10) were
measured by an in-house enzyme-linked immunosorbent
assay (ELISA), and were significantly higher than in healthy
controls (=Fig. 1A). Activity of the MBL pathway was
assessed by a functional ELISA using mannan as activator
and MBL binding capacity and complement C3 deposition as
readouts.” This assay measures the functional MBL concen-
tration in plasma and its capacity to activate complement,
and confirmed elevated MBL activity and MBL-dependent C3
deposition in the patient group (~Fig. 1B).

Plasma MBL levels had no relation to survival (deceased
717 kUJL [379-1,139] [median and interquartile range] vs.
survivors 499 kU/L [282-1,115], p = 0.62 [Mann-Whitney U
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test]), need for mechanical ventilation (640 kU/L[302-1,156]
vs. 460 kU/L [239-1,064], p = 0.54), or acute kidney injury as
measured by the KDIGO criteria (p = 0.55). In contrast, MBL
was strongly related to thrombosis (=Fig. 1C-E). A total of
nine (14%) patients developed a symptomatic thromboem-
bolic (TE) event during their time at the ICU, identified by
radiology performed on clinical indication. All patients re-
ceived thromboprophylaxis with either dalteparin sodium
(117 IE/kg [91-152], n=64) or apixaban (5mg, n=1).
Patients with TE had significantly higher MBL levels com-
pared with patients without TE, and MBL activity and MBL-
dependent C3 deposition showed the same relationship. Of
the nine TEs, two were arterial thrombosis (stroke or myo-
cardial infarction) and seven were pulmonary embolisms
(PEs), in agreement with observations that PE is a frequent
complication in COVID-19 1)e1tients.8'9 Interestingly, patients
who developed PE all had MBL levels above the 95th percen-
tile in controls (~Fig. 1C, D).

We next investigated the relationship between MBL levels
and laboratory markers of coagulation activity, measured on
the day of ICU admission (=Table 1). MBL displayed a strong
correlation with plasma D-dimer levels, corroborating the
clinical association with TE. MBL was also significantly
correlated to activated partial thromboplastin time, but
not with prothrombin time or prothrombin fragment
1+ 2. Interestingly, MBL appeared to specifically associate
with biochemical markers of coagulation. No relationship

Table 1 Correlations between MBL and coagulation- and inflammation-related clinical chemistry laboratory tests

MBL (kU/L) MBL activity (% of NHS) C3 deposition (% of NHS)
Analyte Median (IQR) n Spearman’sr| p-Value | Spearman’sr | p-Value Spearman’sr | p-Value
P-fibrin, D-dimer (mg]L) 1.50 (0.90-2.70) 61 | 039 0.0020 | 0.39 0.0018 0.31 0.015
(< 0.50)
APTT (s) (30-42) 38 (33-40) 16 | -0.71 0.0030 -0.76 0.0010 -0.71 0.030
PT (INR) (0.9-1.2) 1.1 (1.0-1.2) 19 | —0.28 0.25 ~0.38 0.11 ~0.46 0.049
Prothrombin F 1 +2 672 (555-822) 51 0.11 0.45 0.16 0.27 0.053 0.71
(pmol/L) (69-229)
Platelet count (x 10°/L) 221 (150-311) 63 | 0.21 0.10 0.19 0.15 0.16 0.23
(150-350)
P-CRP (mgjL) (< 5) 169 (118-237) 63 | —0.075 0.56 ~0.035 0.79 ~0.041 0.75
P-interleukin-6 (ng/L) (< 7) | 103 (46-184) 37 | 0.062 0.72 —0.046 0.79 ~0.091 0.59
P-ferritin (pg/L) (25-310) | 1,078 (517-2,484) | 51 | 0.0022 0.99 0.038 0.79 ~0.14 0.33
aB-p0,[FiO, 19 (16-24) 58 | —0.041 0.76 -0.027 0.84 0.049 0.71
NT-proBNP (ng/L) (< 230) | 488 (196-1,100) 47 | 0.024 0.87 0.0021 0.99 —0.069 0.64
C3 (g/L) (0.67-1.29) 1.21 (0.97-1.47) 65 | 0.28 0.024 0.29 0.019 0.38 0.0019
C3d/C3 (ratio “1,000) (< 5.3) | 5.5 (4.4-7.7) 65 | —0.21 0.088 -0.19 0.12 -0.29 0.018
Clq (mgJL) (70-300) 90 (65-110) 65 | —0.072 0.57 ~0.028 0.82 0.000 0.99

Abbreviations: aB-pO,/FiO,, arterial blood gas oxygen tension ratio to percentage of inspired oxygen; APPT, activated partial thromboplastin test; CRP, G
reactive protein; ELISA, enzyme-linked immunosorbent assay; F 1 + 2, fragment 1 + 2; INR, international normalized ratio; IQR, interquartile range; MBL,

mannose-binding lectin; NHS, normal human serum; NT-proBNP, N-terminal

fragment of probrain natriuretic peptide; P-, plasma; PT prothrombin time.

Note: Correlations were assessed by calculating Spearman’s rank correlation coefficient (Spearman’s r). Clinical chemistry test results were collected
from the patients’ clinical records, except C3, C3d, and C1q, which were measured by in-house methods, and prothrombin F 1 + 2, which was
measured by a commercial ELISA (Enzygnost F 1 + 2, Siemens Healthcare).

Boldfaced values indicate statistically significant correlations (p-Value < 0.05).
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was found between MBL and markers of cardiac (N-terminal
fragment of probrain natriuretic peptide) or respiratory
function (pO,/FiO, ratio), nor with markers of inflammation
(C-reactive protein, interleukin-6, or ferritin), in line with
observations that MBL is not a typical acute phase
reactant.'0"12

MBL showed a significant correlation with total comple-
ment factor C3 levels, but not with the activation product
C3d (measured as C3d/C3 ratio), a measure of activity of the
alternative pathway of complement, nor with Clq, the
initiator of the classical pathway.'? Total C3 levels, C3d/C3
ratio, or C1q were not related to thrombotic events (p = 0.75,
0.57, and 0.28, respectively), indicating a specific association
between MBL and thrombosis.

Our observations do not prove a causal role for MBL in
thrombosis. Nonetheless, preclinical data implicate MBL as a
key prothrombotic factor. MBL circulates in complex with the
serine proteases mannose-associated serine protease
(MASP)-1 and MASP-2, which activate the complement
cascade upon MBL target binding.'* The MASPs intriguingly
display coagulation factor-like substrate specificities'> and
are activated during blood clotting.'® MASP-1 promotes clot
formation by multiple mechanisms, including direct activa-
tion of factor XIII (EXIII) that cross-links fibrin.'” In addition,
pharmacological or genetic targeting of the MBL pathway in
mice provides protection from thrombosis,'®'® and MBL has
been associated with thrombosis in epidemiological stud-
ies.?0 The standard choice for thromboprophylaxis in COVID-
19 patients is low-molecular-weight heparin (LMWH),
which preferentially targets FXa. Here, MBL-associated
MASPs could act as a LMWH bypass mechanism to directly
promote fibrin formation, and indeed, all the TE events in our
study occurred despite thromboprophylaxis. As therapeutics
targeting the MBL pathway are currently in clinical trials,?!
this could be an alternative strategy for antithrombotic
treatment in COVID-19.

A limitation of our study is that we did not assess the
relationship between MBL and thrombosis in critically ill
patients without COVID-19. Nonetheless, our data indicate a
role for the MBL branch of the complement system in COVID-
19-associated coagulopathy and we propose that measure-
ment of plasma MBL could be of value to identify COVID-19
patients at high risk of thrombosis.
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